Abstract.-Si atomic layer growth on Si was investigated by heating the surface with a Xe flash lamp in an ultraclean low-pressure environment of SiH, or Si2H6 gas. In the case of SiH4, about 0.4 atomic layer deposition per single flash light shot was observed on Si(1OO) at a substrate temperature of 385OC and at a SiH, partial pressure of 500Pa. The adsorption process of SiH, can be explained quantitatively by Langmuir-type adsorption model, assuming that the total adsorption site density is equal to the surface atom density. It was found that the amount of adsorbed SiH4 molecules is determined by the balance between adsorption and desorption of SiH,. In the case of Si2H6, sub-monolayer growth of Si was observed at a substrate temperature of 320°C and under Si2H6 partial pressure of 300Pa. From the RHEED observation, epitaxial growth of Si films on Si(100) was confirmed to be realized at low temperatures such as 385OC and 320°C by using SiH4 and Si2H6, respectively, and the surface flatness of the deposited films was as good as that of the initial surface.
Atomic layer epitaxy of Si and Ge in chemical vapour deposition(CVD) is attractive for the progress of future semiconductor devices, e.g. ultrasmall devices and hetero devices. In conventional CVD, surface adsorption and reaction of reactant gases proceed simultaneously. In order to achieve atomic layer control, it is important to separate the adsorption process and the reaction process. So far, in atomic layer epitaxy[l-41, the self-limiting process of gas adsorption has been employed using metal organic or chloride gases which form a strong chemical bond between surface atoms and adsorbed molecules. In order to prevent any contamination of deposited films, simple hydride gases such as GeH4, SiH4 or Si2H6 yithout carbon or halogen should be used as the reactant gas. The studies of SiH, and Si2H6 adsorption process on Si surfaces in an ultrahigh vacuum have been reported [5] . However, atomic layer growth of Si using these hydride gases had not been reported so far. In the previous work, the atomic layer epitaxy of Ge using GeH4 gas has been achieved by heating the surface with a Xe flash lamp in an ultraclean low-pressure environment [6-81. In the present work, Si atomic layer growth process on Si substrate was investigated by the flash heating method, and sub-monolayer epitaxial growth of Si per shot of flash light has been achieved using SiH4 and Si2H6 gases at 38SoC and 320°C, respectively. Furthermore, the SiH4 and Si2H6 adsorption mechanisms are discussed.
Si deposition on S i was carried out using SiH4 or Si2H6 in an ultraclean RF-heated cold-wall low-pressure CVD system as schematically shown in Figure 1 . The system was made ultrahigh vacuum compatible with gate valves, turbo molecular pumps and a load-lock chamber. Moisture levels of used Ar, SiH4 and Si2H6 gases at the reactor
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SiH inlet were lOppb or lower. The substrates are set into the load-lock chamber and transported into the reactor under evacuation with a simultaneous ultraclean Ar gas flow to avoid contamination from the exhaust line [9] . A typical deposition time sequence after the substrates were placed on the susceptor is shown in Figure 2 . While heating the substrates, SiH4 or Si2H6 gas is introduced into the reactor and then SiH4 or Si2H6 molecules adsorbed at the surface are decomposed by Xe flash lamp light shots (duration about lmsec, 20 ~/ c m~) . The flash light shots were incident perpendicularly upon substrates. The shot to shot interval was of a few tens of seconds. The substrate surface temperature prior the light incidence was measured by an optical pyrometer. The substrates used were p-type Si wafers of 2-20Q-cm with a mirror polished (100) surface. Before loading the substrates into the load-lock chamber, they were cleaned in several cycles in a 4:l solution of H2S04 and H202, high purity DI water, 2% HF with a final rinse in DI water. The deposited thickness, after repetition of hundreds cycles of flash shots, was measured by Tencor Alpha
Step. The structure of the film surface was evaluated by reflection high-energy electron diffraction (RHEED).
3.-Results a n d discussion. Figure 4 shows the shot to shot time interval dependence of the deposited film thickness per shot of flash light on Si(100). It is found that the deposited thickness initially increases and saturates with the time interval. This saturation means that continuous SiH4 decomposition during the flash light shot interval scarcely occurs. As shown in the figure, the thicknesses on Si(100) in the saturation region are about 0.1281, 0.4081 and 0.5581 for 100Pa, 300Pa and 500Pa, respectively. This means that the saturated amount of adsorbed SiH4 molecules is determined by the balance between adsorption and desorption of SiH4 on the surface.
Assuming that one SiH4 molecule is adsorbed at a single adsorption site, the total adsorption site density on the surface no can be described by where QSiH4 and Qs are the densities of the surface site at which SiH4 is adsorbed, and not adsorbed, respectively. It is also assumed that the adsorption of atomic hydrogen or other species is negligibly small compared with QSiH4 or has no influence on the SiH4 adsorption. Assuming that the SiH4 adsorption process is based on the Langmuir-type adsorption, the surface coverage velocity of SiH4 is given by where k, and k-l are the rate constants of SiH4 adsorption and desorption, respectively, PSiH4 is the SiH4 partial pressure. Assuming that QSiH4=0 at t=O, the integration of the equation (2) Figure 5 shows the (psiH4)-' dependence of the inverse of deposited thickness per shot of flash light in the saturation regions in Figure 4 . It is found that data in Figure 5 can be described by the equation (5) with N/no=l. Therefore, it is considered that the total adsorption site density no is equal to the surface atom density N and one SiH4 molecule can occupy only one adsorption site. Solid curves shown in Figure 4 the equation (4) using the following parameters, dAL=1.36W, kl=7.0x10-5 pa-'set-l, k-l=5.2x10-2 sec-' on Si (100) with no=N. The calculated curves are in good agreement with the experimental data. Consequently, the adsorption process of SiH4 can be explained quantitatively by Langmuir-type adsorption model, assuming that the total adsorption site density is equal to the surface atom density. Figure 6 (a) shows the typical RHEED pattern taken from the film deposited on Si(100) surface by flash heating at the substrate temperature of 385OC using SiH4 gas. All the films deposited at 385OC were epitaxial and smooth as determined by similar streak pattern to the above. The RHEED pattern of Figure 6 (a) has weak 2-fold streaks beside bright fundamental 1x1-streaks, although. only bright fundamental 1x1-streaks are observed on Si(100) surface after the wet cleaning as shown in Figure 6(b) . A similar RHEED pattern to Figure 6 (a) was also obtained when the film was deposited by flash heating CVD after the double-domain 2x1 reconstructed surface (Figure 6(c) ) was formed by continuous thermal decomposition of SiH4 at 580°C. In other words, the 2x1 reconstructed surface is mostly transformed into the 1x1 non-reconstructed surface by flash heating CVD under the conditions of high SiH4 partial pressure and of low-temperature below 400°C. Therefore, it is suggested that, at a high SiH4 partial pressure, the adsorption of Si-hydrides suppresses the surface atom reconstruction.
In the case of Si2H6 gas in Figure 3 , the Si deposition can be observed in the substrate temperatures above 320°C. Above 330°C, the deposited thickness per shot of flash light increases with the substrate temperature. As shown in Figure 3 , the substrate temperature dependence of deposited thickness per shot of flash light has an energy of about 1.6eV7 which is equal to the activation energy of deposition rate in thermal CVD[10-11). Therefore, it is considered that the continuous thermal decomposition of Si2H6 during the time interval between flash light shots, is dominant. However, at the substrate temperature range of 320-33O0C7 the deposited thickness per shot of flash light scarcely depends on the substrate temperature. The deposited thickness per shot of flash light at the Si2H6 partial pressure of 300Pa is found to be about 0.16A and 0.23A under the shot to shot time interval of 20sec and 40sec, respectively. Figure 7 shows the typical RHEED pattern from the films deposited on Si(100) surfaces by flash heating at the substrate temperature of 320°C using Si2H6 gas. This 1x1-streak pattern is the same as the pattern observed from Si(100) surface as shown in Figure 6 (b). Therefore, it is considered that the initial flat surface was maintained during flash heating CVD at 320°C.
Si atomic layer growth processes on Si substrates were investigated by flash heating CVD. The deposited thickness per shot of flash light is independent of the substrate temperatures in the ranges of 385-395OC for SiH4 and 320-330°C for Si2H6. In the case of SiH4, the deposited thickness per shot of flash light increased and saturated with the time interval and the saturated thicknesses on Si(100) were about 0.12A, 0.40A and 0.55A for 100Pa, 300Pa and 500Pa, respectively. The adsorption process of SiH4 can be explained quantitatively by Langmuir-type adsorption model, assuming that the total adsorption site density is equal to the surface atom density. In the case of Si2H6, sub-monolayer growth of Si was observed at the substrate temperature of 320°C under Si2H6 partial pressure of 300Pa.
But, for the Si2H, surface adsorption process, further investigations will be necessary. From the RHEED observation, it is confirmed that, by using flash heating CVD, epitaxial growth of Si films on Si(100) was realized at temperatures such as 385OC and 320°C by using SiH4 and Si2H6, respectively, and the surface flatness of the deposited films was as good as that of the initial surface. Furthermore, from the transformation of the streaks in the RHEED pattern, it is suggested that the adsorption of Si-hydrides suppresses the surface atom reconstruction.
